Oxygen is essential to all aerobic organisms but can also have many harmful effects (Davies, 1995) . Oxidative stress is manifested by tissue damage caused by the oxidation of compounds such as proteins, lipids, and nucleic acids. Potentially destructive reactive oxygen species (ROS) can be produced during normal metabolic processes such as photosynthesis in plants and some bacteria (Salin, 1987) , or it can result from a wide range of both biotic (Berlett and Stadtman, 1997) and abiotic stresses (Dann and Pell, 1989) . Despite the presence of antioxidant defenses in cells, ROS such as hydroxyl radicals and superoxide ions can readily oxidize protein amino acid residues, in particular Met, often with a consequent loss of enzymatic activity (Dann and Pell, 1989) . Oxidation of Met residues has been implicated in several serious conditions in humans, including adult respiratory distress syndrome, rheumatoid arthritis, smokers' emphysema, and Alzheimer's disease (Abrams et al., 1981; Vogt, 1995; Moskovitz et al., 1996a; Gabitta et al., 1999) . The best-characterized response to the oxidation of peptide residues in both plants and animals is the induction of proteases that cause the complete breakdown of the oxidized protein and its eventual replacement by a protein synthesized de novo (Davies, 1995; Grune and Davies, 1997; Grune et al., 1997) .
The repair of oxidized proteins, rather than their breakdown, has generally been regarded as a minor component of the response of organisms to ROS. Nevertheless, there is now growing evidence that enzymatic repair of oxidized Met may play a key role in organisms ranging from bacteria to humans (Moskovitz et al., 1995 (Moskovitz et al., , 1996b Wizemann et al., 1996 Wizemann et al., , 1997 Wizemann et al., , 1998 El Hassouni et al., 1999) . In addition to being the most common form of oxidative damage to proteins, the oxidation of Met to Met sulfoxide (MetSO) is unique in being readily reversible by the enzyme peptide-Met sulfoxide reductase (PMSR; EC 1.8.4.6), suggesting that PMSR may be able to repair oxidatively damaged proteins (Brot et al., 1982a (Brot et al., , 1982b in vivo. Indeed, pmsr-null mutants of yeast (Moskovitz et al., 1997) and Escherichia coli (Moskovitz et al., 1995) are significantly more susceptible to oxidative stress than wild-type controls, and this phenotype in yeast can be reversed by re-addition of further copies of the pmsr gene (Moskovitz et al., 1998) . In mammals, pmsr gene expression and enzyme activity are localized in tissues such as kidneys (Moskovitz et al., 1996b) , neutrophils (Fliss et al., 1983) , macrophages (Moskovitz et al., 1996a) , and the retina (Moskovitz et al., 1996a) , where high levels of oxidative stress may be expected.
A role for PMSR in microbial pathogenicity is suggested by the reduced binding of pmsr-deficient mutants of E. coli, Neisseria gonorrhoea, and Streptococcus pneumoniae to eukaryotic host cell receptors (Wizemann, et al., 1996) . More recently, it has been shown that a pmsr gene is a major virulence determinant in the plant pathogen Erwinia chrysanthemi (El Hassouni et al., 1999) . Studies with the artificial substrate N-acetyl-MetSO have shown PMSR activity in plants (Ferguson and Burke, 1994) , where it was particularly strong in photosynthetic tissues (Sanchez et al., 1983) . We have previously isolated a pmsr gene from Brassica napus and demonstrated that the corresponding protein had PMSR activity (Sadanandom et al., 1996) . In the present study we report the discovery of a complex family of at least five pmsr genes encoding two different protein isoforms in the model plant Arabidopsis. Comparison of the subcellular and tissue localization and regulation of the two plant PMSR isoforms suggests that they play different roles in response to oxidative stress caused by factors such as pathogen infection and photosynthesis.
RESULTS

Isolation and Genomic Organization of Arabidopsis pmsr Genes
An Arabidopsis genomic fragment of 3.4 kb contained a pmsr reading frame within an oleosin gene promoter in a similar orientation to that described for Brassica napus (Sadanandom et al., 1996) . A specific DNA probe based on the Arabidopsis genomic sequence was used to screen an Arabidopsis leaf cDNA library. The longest clone isolated contained a cDNA of 1,059 nt having a 40-nt poly(A ϩ ) tail and a putative polyadenylation site 130 nt from the translational stop codon. Primer extension using 5Ј-RACE showed that the 5Ј end of the cDNA was 43 nt upstream from the start of the translation codon. Comparison of this cDNA sequence with the sequence of the pmsr-oleosin genomic clone allowed us to elucidate the structure of this entire genomic fragment. The intergenic distance (as defined by the transcriptional start sites) between the pmsr and oleosin genes was 414 nt. Arabidopsis pmsr has a single intron of 422 nt and two exons of 522 and 252 nt, respectively. There were no obvious TATA boxes near the pmsr transcriptional start site, although a GATA box, which has been shown to play an important role in regulating lightcontrolled genes (Teakle and Kay, 1995) , was observed 48 nt upstream of the transcriptional start site. This gene encoded a 258-residue, 28,568-D protein with a putative plastidial targeting signal and was termed p-pmsr.
Since the previously reported PMSR proteins in other organisms lack organelle-targeting sequences and are therefore probably cytosolic, we re-screened the Arabidopsis leaf cDNA library for putative c-pmsr genes, but only obtained additional p-pmsr clones. However, screening of the Arabidopsis Expressed Sequence Tag (EST) database revealed several more divergent pmsr-like clones that were only 59% identical at the DNA level but 70% identical at the protein level to the p-pmsr. One of these clones, EST t125, was used in a RACE-PCR strategy to isolate an 847-nt cDNA encoding a full-length c-pmsr containing 88 nt upstream of the ATG codon, a 612-nt open reading frame, and a 147-nt downstream region extending to a poly(A ϩ ) tail. This cDNA was used to isolate a corresponding genomic clone from an Arabidopsis GEM II library. A 7-kb clone was isolated and restricted to a 2.7-kb NcoI-BglII fragment that contained the entire c-pmsr open reading frame and flanking regions. The sequence of this fragment included a 627-nt promoter region followed by two exons of 354 and 258 nt, separated by a 917-nt intron. No TATA or CAAT boxes were found, but there was a putative GATA box (Teakle and Kay, 1995) 20 nt upstream of the transcription start site. The two exons encoded a 204-residue, PMSR-like protein of 22,705 D. These data are summarized in Figure 1A , and the full (Sadanandom et al., 1996) . genomic sequences are filed as GenBank accession nos. x97236 (p-pmsr) and aj133753, aj133754 (c-pmsr).
Comparison of the derived amino acid sequences of the p-pmsr and c-pmsr genes shows 70% identity and 82% similarity in the region of overlap (Fig. 1B) . The p-PMSR sequence contains an additional 54-residue N-terminal domain that is rich in Ser, is relatively hydrophobic, and can potentially form an amphipathic ␤-strand, all of which are attributes of plastidial targeting signals (Von Hijne et al., 1989) .
Database analysis confirmed that the locus corresponding the p-pmsr gene isolated in this study was located on overlapping bacterial artificial chromosome (BAC) clones F13M23 and F24A6 on chromosome 4, with seven ESTs corresponding to this sequence (H37471, AA712385, N37941, N65094, F13739, H36504, and N96968). A second p-pmsr-like sequence was found on two ESTs of unknown location (W43259 and W43286). We were unable to locate the genomic region corresponding to the c-pmsr genomic clone isolated in this study (containing a 917-nt intron), but preliminary RFLP analysis (Sadanandom, 1998) indicates that it was in an unsequenced region on the upper half of chromosome 5. This gene was highly expressed, as shown by the presence of seven corresponding ESTs (AA042165, AA005830, T45651, T44845, T44422, AI099810, and Z18051). A second c-pmsr gene (containing a 428-nt intron) was on a previously sequenced region (BAC clone K11 J9) on the lower half of chromosome 5, encoded a 77% identical, 86% similar cPMSR-like protein, and had a single corresponding EST (N97091). A third c-pmsrlike sequence was found in BAC clone T27K22 from chromosome 2 and had one corresponding EST (T45426). We conclude that there are at least two p-pmsr and three c-pmsr-like genes in the Arabidopsis genome.
Comparison with Other PMSR Sequences
The relationship between the Arabidopsis pPMSR and cPMSR sequences and some of the other reported genes encoding proteins having similar domains in other plant species was analyzed using public databases. In addition to the Arabidopsis and B. napus PMSRs shown here, there is a relatively tight cluster of other putative higher plant PMSR sequences. For example, the PMSR-like sequences from tomato (gi100204) and strawberry (gi1310665) are 61% identical and 73% similar to the Arabidopsis cPMSR and also lack plastidial targeting sequences. Database searches with the Arabidopsis PMSR also revealed significant hits (60%-80% identity over 85-150 residues) with partial sequences from alfalfa, kidney bean, rice bean, loblolly pine, and rice. The core PMSR domains that were compared are each about 150 residues in length, and the non-plant sequences are 35%-52% identical and 51%-65% similar to the overlapping Arabidopsis PMSR domain.
Activity of the Overexpressed PMSRs
The biological activities of the putative Arabidopsis p-PMSR (minus the targeting sequence) and c-PMSR were demonstrated by overexpression and purification of the recombinant proteins in E. coli. The PMSRs were initially expressed with N-terminal poly-His tags to allow purification by affinity chromatography, as shown in Figure 2A . Both recombinant PMSR proteins exhibited apparent molecular masses on SDS-PAGE about 4 to 5 kD higher than predicted, as did the PMSR from plant tissue extracts, as detected by immunoblotting. This was probably due to the relatively acidic nature (pI ϭ 5) of these proteins. The N-terminal His tag of the p-PMSR was removed by thrombin cleavage to generate a single polypeptide running at 28 kD. This protein was used to raise anti-PMSR antibodies in rabbits. The purified Histagged c-PMSR, which ran at 27 kD, was enzymatically active and was used directly for assays. The activities of the purified recombinant PMSRs were assayed with either a protein substrate (oxidized ␣-1 protease inhibitor) or a synthetic substrate (N-acetyl-[ 3 H]-MetSO). As shown in Table I , both substrates were efficiently reduced by the Arabidopsis PMSRs, using dithiothreitol as an electron donor. Using the synthetic substrate, it was also shown that PMSR activity was a linear function of enzyme concentration and time over the range of conditions used in this study (data not shown).
The targeting of the p-PMSR to the chloroplast stroma was demonstrated by the in vitro transcriptiontranslation of the full-length p-pmsr cDNA (including targeting sequence) to yield a polypeptide with an apparent mass of 33 kD in this gel system, as shown in Figure 2B . This full-length polypeptide was imported into intact chloroplasts, with an associated cleavage of its approximately 5-kD targeting sequence. The mature 28-kD protein was shown by protease protection and fractionation assays to be located in the soluble, stromal compartment of the chloroplast. Control experiments (not shown) demonstrated that in the absence of the N-terminal signal sequence, the p-PMSR was not imported into intact chloroplasts. The c-PMSR had a pH optimum of about 7.0 to 7.2, while that of p-PMSR was 8.0 (Fig. 2C) . This is consistent with the localization of p-PMSR in the stromal compartment of chloroplasts, which also has a pH of 8.0 during photosynthesis (Neumann and Jagendorf, 1964) .
Tissue Localization and Regulation of PMSR Isoforms
All tissues expressed the mRNA encoding c-pmsr, with the highest levels occurring in leaves and roots (Fig. 3) . The c-PMSR protein was also present in all tissues, although its distribution was not exactly the same as that of the corresponding mRNA. Expression of the p-pmsr mRNA was largely confined to green tissues and was particularly prominent in the rosette and cauline leaves, which are the major sites of photosynthesis in Arabidopsis. The p-PMSR protein distribution largely, but not exactly, mirrored that of its mRNA. Subcellular fractionation of leaf homogenates using Suc density gradient centrifugation confirmed the finding in Figure 2B that the pPMSR was localized in the chloroplast fraction, while the c-PMSR was confined to the soluble, cytosolic fraction (data not shown).
The differing responses of the two PMSR isoforms during developmental and environmental regulation are shown in Figure 4 . Figure 4A shows expression of the PMSRs at the four developmental stages of leaves, ranging from immature to almost senescent. The mRNA levels of both pmsr isoforms peaked at stage 3, although the c-pmsr mRNA was consistently expressed at higher levels than that of the p-pmsr. In contrast, the protein levels of both isoforms peaked at stage 2, after which the p-PMSR protein declined 
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rapidly to very low levels by stage 4, while the c-PMSR levels decreased more gradually. Figure 4B shows the response of both PMSR isoforms to the illumination of dark-grown Arabidopsis seedlings. The c-pmsr mRNA was present at relatively high levels, even in etiolated leaves, and increased only moderately (about 2-fold) over 3 h of greening. The p-pmsr mRNA was relatively less abundant (but not absent) in etiolated leaves but showed a dramatic induction of expression within 20 to 40 min of greening. After 3 h of illumination the p-pmsr mRNA had almost reached levels present in light-grown leaves. Despite its relatively rapid induction by light, the p-pmsr gene was not activated by a phytochrome-mediated pathway, since it showed no response to red and far-red light treatments (data not shown). Western-blotting studies showed that p-PMSR protein levels increased more slowly than the mRNA, with only a slight increase after 6 h of greening but a more rapid and sustained increase after 15 h.
We tested the response of both p-pmsr and c-pmsr genes to a variety of stresses that have been associated with increased levels of ROS production. Treatments included high (52°C) and low (4°C) temperatures, wounding, application of jasmonic acid, and infection with the virulent pathogen Pseudomonas syringae. Northern analysis of leaves from affected plants failed to show any consistent or statistically significant effect on the levels of either p-pmsr or c-pmsr mRNAs. The only exception noted in this study was the pronounced induction of the c-pmsr gene in response to infection of Arabidopsis leaves by the pathogen CaMV, as shown in Figure 4C . Some response was seen within 7 d after inoculation, but the major response occurred at 21 to 35 d, as the symptoms of infection by this relatively slow-acting virus (Cecchini et al., 1997) became more pronounced. Note that mock inoculations of leaves with 10 mm MgC1 2 did not result in similar increases in c-pmsr gene expression, which rules out an effect due to tissue damage alone. Parallel blots probed with the p-pmsr cDNA showed no response to viral infection (data not shown).
DISCUSSION
The data presented here show that the genome of Arabidopsis contains at least five pmsr-like genes. This contrasts with all animal and microbial genomes described to date, which only contain a single pmsr gene (Kuschel et al., 1999) . The relatively large number of pmsr genes in Arabidopsis is particularly significant, since it has one of the smallest genomes (120 Mb) of any higher eukaryote (Meinke et al., 1998) . Our analysis of the Arabidopsis EST database indicates that all five of the identified pmsr genes are indeed expressed, and the relative abundance of such ESTs (totaling 18) indicates that pmsr genes are expressed at high levels in plants. Higher plants are also unique in having two different PMSR isoforms that we have shown to be localized in separate subcellular compartments. The two isoforms are differentially expressed in various plant tissues and in response to both development and stress, indicating that PMSR may play additional and perhaps more complex roles in plants than in other organisms. Such roles may be necessary because of the increased exposure of plants to oxidative stress due to oxygenic photosynthesis (Salin, 1987) and their lack of motility, which precludes their avoidance of many environmental sources of oxidative stress such as drought, salt, high light and temperature (DemmigAdams and Adams III, 1992; Prasad, 1996; Foyer et al., 1997) , and pathogen attack (Wojtaszek, 1997) .
A role for PMSR in the alleviation of oxidative stress is strongly indicated by studies of pmsr-null mutants of E. coli (Moskovitz et al., 1995) and yeast (Moskovitz et al., 1997) and the greatly enhanced resistance to oxidative stress of yeast or human T cells transfected with additional copies of pmsr genes (Moskovitz et al., 1998) . Several protein substrates for PMSR have been investigated in animal and microbial systems. These include the ␣-1-proteinase inhibitor (Abrams et al., 1981) , calmodulin (Sun et al., 1999) , apolipoprotein A1 (Sigalov and Stern, 1998) , and ␣/␤-spore proteins (Hayes et al., 1998) . We found that both plant PMSR isoforms were able to repair the bovine oxidized ␣-1-proteinase inhibitor protein at rates comparable to those reported in the literature for non-plant PMSRs. This is interesting in view of our observation of a strong but gradual dramatic induction of c-pmsr gene expression in response to infection with the slow-acting viral pathogen CaMV. One of the most highly expressed classes of pathogen-induced genes in many plants encodes proteinase inhibitor (pin) proteins (Johnson et al., 1989; Cordero et al., 1994) , and it is possible that PMSR can also repair oxidized pin proteins from plants.
Plants can also respond to pathogen attack by inducing a relatively rapid hypersensitive response (HR), which involves localized apoptotic cell death in the affected region and is accompanied by a release of ROS (Doke, 1983a (Doke, , 1983b ; for reveiws, see Lamb and Dixon, 1997; Wojtaszek, 1997) . This phenomenon, termed the "oxidative burst," may be analogous to the oxygenic response of mammalian neutrophils to microbial infection, in which PMSR may repair proteins damaged by the ROS (Moskovitz et al., 1996a) . The relative slowness of c-pmsr induction by CaMV and the lack of strong induction by more virulent pathogens indicates that c-pmsr is probably not involved in the HR. Some particularly virulent plant pathogens, such as Erwinia chrysanthemi, do not elicit HR and their major virulence determinants were formerly believed to encode extracellular lytic enzymes that allow invasion of the host tissue. However, a recent report showed that a hitherto unrecognized virulence gene in E. chrysanthemi encodes a PMSR, and that pmsr-null mutants were non-virulent on plants and extremely susceptible to oxidative stress (El Hassouni et al., 1999) . This surprising finding indicates that, even in the absence of HR, plants attempt to mount a defense against virulent pathogens by generating ROS. The more successful pathogens, such as E. chrysanthemi, can overcome this oxidative defense thanks to their PMSR-based repair system. Our data on the gradual induction of c-pmsr expression following infection by a slowacting viral pathogen (i.e. one that does not induce an HR) imply that plants may also protect themselves from the long-term consequences of their release of anti-pathogenic ROS. Therefore, both the plant host and the microbial pathogen are able to deploy the PMSR protein repair system to mitigate oxidative damage during pathogenesis.
Other roles for cPMSR can be inferred from results obtained in different plant species. The putative c-pmsr homologs in tomato (Cordes et al., 1989) and strawberry (GenBank accession no. gi1310664) are both strongly induced during fruit ripening. This process involves the production of large amounts of ROS, and the PMSR may be required to protect key proteins from oxidative damage. In this study we found relatively high levels of cPMSR (but not pPMSR) in roots and maturing seed (siliques) of Arabidopsis. Differential screening studies have also revealed c-pmsr homologs that are highly up-regulated during root nodulation in alfalfa (GenBank accession no. gi1310665), seed maturation in rice (GenBank accession no. gi3760326), and xylem formation in loblolly pine (Allona et al., 1998) . These processes all involve an increase in ROS, even during normal metabolism levels, and demonstrate the possible manifold functions of the cPMSR isoform in plants.
We have shown that expression of the p-pmsr gene in Arabidopsis is largely restricted to actively photosynthesizing tissues. The chloroplasts of such tissues are the most oxygenic sites of any biological system and are therefore uniquely exposed to damage by ROS, even during normal daytime metabolism. It is believed that the principal defense mechanism of plants and animals involves scavenging of ROS by antioxidants or via enzymes such as catalase or glutathione reductase (Davies, 1995) . Oxidative damage to proteins has previously been regarded as largely irrepairable, resulting in their turnover by proteolysis (Mehta et al., 1992; Davies, 1995; Grune and Davies, 1997; Grune et al., 1997; Pell et al., 1997) . However, the presence of two light-inducible p-pmsr genes in Arabidopsis strongly indicates that PMSR performs an important repair function for chloroplast proteins that are oxidized during normal photosynthesis. It is noteworthy that the levels of the plastidial PMSR protein declined significantly immediately prior to leaf senescence. During this pre-senescent stage, there are elevated levels of proteolysis of key enzymes such as the CO 2 -fixing protein Rubisco (He et al., 1997; Oh et al., 1997; Desimone et al., 1998) , followed by a buildup of ROS levels leading to the more visible symptoms of leaf senescence such as chlorophyll loss and yellowing. It is therefore tempting to speculate about a link between the sudden decline in pPMSR levels and the onset of senescence in plants. In some plants, ethylene modulates the activation of senescence-related genes in tissues such as fruits and leaves (Buchanan-Wollaston, 1997; Oh et al., 1997) . The tomato cPMSR homolog E4 is strongly induced by ethylene during fruit ripening, and it would be interesting to investigate its regulation during leaf senescence.
In conclusion, we have demonstrated that the two PMSR isoforms investigated in this study are involved in various developmentally and environmentally regulated processes in Arabidopsis, some of which are unique to plants. It will now be important to clarify the roles of PMSRs in more detail and in particular to elucidate its various protein substrates. Since plant PMSRs are encoded by a multigene family and are only one component of a highly redundant system for dealing with oxidative stress, it will not necessarily be easy to assess their physiological importance in vivo. Nevertheless, the clear impact of pmsr-null mutations on the oxidative stress response of yeast (Moskovitz et al., 1997) , E. coli (Moskovitz et al., 1995) , and E. chrysanthemi (El Hassouni et al., 1999) demonstrates that PMSR does have a significant function in these organisms. We are therefore using a pmsr gene-knockout strategy based on transposon mutagenesis in order to elucidate more fully the biological roles of PMSR in higher plants.
MATERIALS AND METHODS
Overexpression and Purification of Arabidopsis pmsr Gene Products
The plastidial PMSR protein (pPMSR) was overexpressed without its N-terminal targeting sequence, i.e. from Met-54. Ligation of the DNA containing the truncated p-pmsr coding region to the pET vector resulted in the fusion of six His residues to the N terminus of the mature pPMSR protein. This construct was then under the control of isopropylthio-␤-galactoside-inducible lac promoter linked to the T7 polymerase. Cultures of E. coli C41 were transformed with the pET expression vector, and the size of the fusion protein was determined by SDS-PAGE. The fusion protein was affinity-purified on a nickel-agarose column and the His tag removed by thrombin cleavage, as described in the pET system manual (Novagen, Madison, WI). For production of the cytosolic PMSR protein (cPMSR), the cDNA corresponding to the Arabidopsis c-pmsr gene was cloned into the pQE expression vector. The construct was transformed into either XL1B or C41 strains of E. coli, and overexpression of the His-tagged cPMSR was induced by isopropylthio-␤-galactoside. The cPMSR was affinity-purified as described above, and both pPMSR and cPMSR were dialyzed and concentrated to about 1 mg mL Ϫ1 . Long-term storage was at Ϫ80°C, and both PMSR isoforms retained Ͼ80% specific activity for at least 6 months.
Assays
PMSR assays were performed using a bovine ␣-1-proteinase inhibitor substrate (0.044 unit), which was oxidized with 30 mol of chloramine-T in 500 L of buffer (160 mm Tris-HC1, pH 8.0) at 20°C for 120 min, and dialyzed overnight against 1.5 L of 20 mm Tris-HC1, pH 7.5, at 4°C to remove the chloramine-T. After the PMSR reaction, the amount of ␣-1-proteinase inhibitory activity was measured with an elastase assay. To 100 L of reaction medium containing ␣-1-proteinase inhibitor, porcine pancreatic elastase (0.003 unit) in 400 L of buffer (Tris-HC1, pH 8.0, 0.1% [v/v] Triton X-100) was added and mixed. Alternatively, the synthetic substrate MetSO was used in PMSR assays (Brot et al., 1982b) . Chloroplast import assays were performed by translating p-pmsr mRNA in 200 L of wheat germ cell-free lysate with [
35 S] Met. Along with the translation product, the import sample contained 200 mm MgC1 2 , 100 mm ATP, and 60 L (1 mg ml Ϫ1 chlorophyll) of intact pea chloroplasts in sorbitol resuspension medium (250 mm 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid [HEPES] and 1.65 m sorbitol, pH 8.0). Protease treatment and lysis of chloroplasts was carried out essentially as stated in Robinson and Ellis (1984) . Samples were analyzed on SDS-PAGE gels.
Plant Growth and Treatments
Arabidopsis ecotype Columbia plants were grown in a climate chamber with a 6-h photo period, a photon flux density (PFD) of 200 mol photons m Ϫ2 s Ϫ1 , a temperature of 22°C, and a relative humidity of 75%. For the light treatment, plants were grown from seed on Murashige and Skoog medium in darkness for 5 d, and then illuminated as above. For viral treatments, fully expanded rosette leaves from 6-week-old plants were inoculated with a purified cauliflower mosaic virus (CaMV) (Gardner and Shepherd, 1980) isolate, Cabb-B-JI. The inoculum (1 L) was applied with a trace of celite abrasive to the surface of leaves 2, 3, or 4 followed by gentle rubbing with a Pasteur pipette tip flattened into a spatula shape. Control mock inoculations were performed with 10 mm MgCl 2 and celite in the same manner.
Protein and RNA Analyses
All operations to prepare protein extracts from Arabidopsis plants were performed on ice. Various tissues were ground in liquid nitrogen and extracted as in Sadanandom et al. (1996) . Protein amounts were determined as in Bradford (1976) , analyzed by SDS-PAGE on acrylamide gels (Laemmli, 1970) , and transferred to PVDF membranes according to the instructions of the manufacturer (electrophoresis manual, Bio-Rad Laboratories, Hercules, CA). Membranes were incubated with anti-PMSR primary antibodies at 1:500 dilution and developed using a westernblotting detection system (ECL PLUS, Amersham, Buckinghamshire, UK). Total RNA from various plant tissues was extracted (Prescott and Martin, 1987) , and 10-g aliquots were separated on 1.6% (v/v) agarose gels and probed with gene-specific c-pmsr or p-pmsr cDNAs as in Sadanandom et al. (1996) .
